Abbas, H. and R. Sri Ranjan. 2015. Effect of soil moisture deficit on marketable yield and quality of potatoes. Canadian Biosystems Engineering/Le génie des biosystèmes au Canada 57: 1.25-1.37. Tuber yield and quality are the two main factors that can increase or decrease the market value of potatoes. Soil moisture availability and nutrient concentration within the potato root zone play a pivotal role in controlling tuber yield and quality. This study was conducted in Southern Manitoba to compare the effects of overhead irrigation (IR) and no-irrigation (NI) on marketable tuber yield and quality during the 2013-and 2014-growing seasons. The total yield of potato was not significantly different between the two treatments in both years. In 2013, the marketable yield of the irrigated (IR) treatment (36.89 MT/ha) was 20% higher (p = 0.017) compared to the nonirrigated (NI) treatment (30.74 MT/ha). However, no significant difference in marketable yield was found between the irrigated (39.0 MT/ha) and non-irrigated (43.7 MT/ha) treatments in 2014. Excess nitrate accumulation within the root zone tends to promote the formation of over-sized tubers. Although the incidence of hollow hearts and sugar ends showed a higher trend in the non-irrigated treatment it was statistically not significantly different from the irrigated treatment. Overhead irrigation was found to be economically advantageous to produce better quality potatoes with higher marketable yields.
INTRODUCTION
The production volume of potato (Solanum tuberosum L.) is estimated to be 368 million tons from 19.3 million hectares, which ranked it as the fourth most consumed staple crop in the world (Faberio et al. 2001 , FAO 2012 . The share of potato in average annual diet of a global citizen is 33 kg on weight basis (FAO 2009 ). The increase in human population is stimulating the increase in demand for good quality potato tubers. In addition to quantity, potato quality has become an important factor based on consumer demand. Potato quality is determined by tuber size, tuber weight, specific gravity, fry color, and brown center/hollow heart incidence. All these parameters collectively determine the marketable yield of tubers. Several factors affect the yield and quality of potato tubers including variety, environmental conditions (Ierna and Mauromicale 2006), cultural practices (Yang et al. 2001) , and water and nitrogen (N) supplies (White et al. 2007) . Water and N inputs are the most important factors influencing tuber yield, quality and net return (Alva 2008; Shock et al. 2007) .
Potato plant growth is divided into five stages characterized as sprout development, vegetative growth, tuber initiation, tuber bulking, and maturation. Flint (1992) reported that potato growth stages might differ in time because they depend on environmental and cultural factors. Potato tubers are very sensitive to water stress. As potato has a shallow and sparse root system: approximately 85% of the root length is concentrated in the top 0.3 m of the soil (Iwama 2008; Wang et al. 2006; Opena and Porter 1999) , water stress at any growth stage leads to a considerable negative impact on potato tuber yield and quality (Ahmadi et al. 2010; Shayannejad 2009; Eldredge et al. 1996; Lynch et al. 1995) . That is why a continuous water supply to meet the crop water demand at different growth stages is highly recommended for better growth from sprout development to maturity (Ierna and Mauromicale 2006; Ojala et al. 1990 ). Effect of water stress is different at different growth stages of potatoes (Shock et al. 1993) . Water stress during the vegetative growth stage decreases plant height and root expansion. Potatoes at tuber initiation and tuber bulking stages are more sensitive to water stress as compared to the sprout development, vegetative growth, and maturity stages (Miller and Martin 1987a) . Water deficit at tuber initiation stage causes reduction in number of tubers produced per plant (MacKerron and Jefferies 1986), whereas moisture stress at tuber bulking stage even for a short period produces dumbbell-shaped, knobby or pointed-end tubers (Jefferies and MacKerron 1993; MacKerron and Jefferies 1988) . If this stress persists for a longer period of time it leads to tuber defects such as internal brown spot (Haverkort 1982) .
In addition to water availability, N fertilizer can also influence both yield and quality of potato tubers (White et al. 2007; Westermann 2005) . Maximum potato yield is obtained when N is available to plant roots during the periods of peak demands whereas extreme (deficit and/or excess) availability of N results in reduced tuber yield and quality. Specific gravity (SG), an important quality determining parameter for the potato tubers, decreases with an increase in N application rates above a threshold, which is based on soil type (Porter and Sisson 1991) . High SG of tubers is economically important because it decreases the quantity of oil needed for frying the potatoes (Lulai and Orr 1979) . Low specific gravity may result in darker color after frying which may not be acceptable to the processing industry (Porter and Sisson 1991) . Excessive accumulation of nitrates within the tuber root zone may also cause the occurrence of tuber disorders such as hollow heart (HH) in some cultivars of potato (Yang et al. 2001) .
Many researchers have studied the effect of water and nutrient supply on potato yield and quality and reported that different cultivars behave differently under water excess or stress conditions (Hassanpanah 2010; Kashyap and Panda 2003; Ferreira and Carr 2002; Panigrahi et al. 2001; Lynch et al. 1995; Shock et al. 1993 ) and nitrate extremes (Hutchinson et al. 2003; Zvomuya and Rosen 2001; Maier et al. 1994) . Waddell et al. (1999) and Ojala et al. (1990) reported considerable decline in total and marketable tuber yields (tubers having less culls and knobs) in Russet Burbank cultivar attributed to increased soil moisture stress. Miller and Martin (1987a) experienced a significant reduction in average tuber size and SG in response to deficit irrigation at tuber initiation stage but no effect was observed on number of tubers produced by Russet Burbank. Painter and Augustine (1976) reported increased number of malformed tubers in Russet Burbank due to water stress during the early growth stages but it did not affect total tuber yield.
McCann and Stark (1989) found increased incidence of hollow heart (HH) at high moisture contents and excess nitrates in the root zone of Russet Burbank cultivar when tubers were 10 mm in diameter i.e. at vegetative growth stage. However, Porter and Sisson (1991) did not experience any increase in HH with rates of applied N in large Russet Burbank tubers while they found highest HH occurrence in large Shepody tubers due to excessive nitrates. Maier et al. (1994) showed that maximum SG of tubers was reached at lower nitrates availability and vice versa. However, Dahlenburg et al. (1990) found lower SG in N-deficient case in potato tubers.
MATERIALS AND METHODS

Study site
A field study was conducted in southern Manitoba (49° 10`N Lat., 97° 56`W Long., 272-m elevation) located south of Winkler, MB to evaluate the effects of noirrigation (NI) and overhead irrigation (IR) on tuber yield and quality under the same nitrogen fertilizer application. The experiment was conducted at Canada Manitoba Crop Diversification Center (CMCDC) farm in 2013 (first year) and at the Hespler Farm located one km away from CMCDC farm in 2014 (second year). The major crops in this area are potato, corn and soybeans. The soil characteristics are similar at both sites. The growing season for potatoes typically starts in May with harvesting done by early September.
Climatic conditions
Natural Resources Canada (1957) has classified climate at the study site as typical humid continental with dry cold Fig. 1 .
Soil Type
The soil depth at the experimental sites is coarse-textured loamy sand soil (Smith et al. 1973 ) with textural distribution of sand 70%, silt 19%, and clay 11% (Cordeiro and Sri Ranjan, 2012) . It belongs to the Reinland series being classified as Gleyed Rego Black Chernozem (MAFRI 2010). Average bulk density, water content at field capacity, and porosity were 1450 kg m -3 , 28%, 45.3%, respectively.
Experimental field design
The impact of two water management treatments comprised of overhead irrigation system (IR) and no supplemental irrigation (NI), on marketable tuber yield and quality was tested using a randomized complete block design (RCBD) consisting of three replicates. In 2013, a field area of 1.2 ha (2.97 ac) was divided into six equal plots of approximately 0.2 ha (0.49 ac) with dimensions of 44.6 m X 40.3 m. In 2014, a comparatively larger field area of approximately 1.29 ha (3.19 ac) was divided into six equal plots with dimensions of 50 m X 44 m. All the plots were planted with Russet Burbank cultivar, the most commonly grown cultivar in Manitoba. Overhead irrigation was applied using a linear move irrigation system (O3000 Orbitor, Nelson Irrigation Corporation, Walla Walla, WA) in 2013 whereas a travelling gun was used in 2014. The irrigation water was pumped from a reservoir located nearby the study site, built and maintained by a group of local farmers to capture and store the spring snowmelt runoff. Water quality was tested for salts (Mg, Ca, and Na), nitrate content, and residual pesticides prior to planting and was found to be suitable for irrigation purposes. Instrumentation and data collection Groundwater level (m) was monitored by water level sensors (WLS) (Solinst Levelogger Junior 3001, Solinst Canada, Ltd., Georgetown, Ontario, Canada) hung inside 2.5 m long piezometers/observation wells, manually installed at the center of each plot. These sensors were set to record the water level every 30 minutes throughout the growing season. A barometric pressure sensor (Solinst Barologger Gold) was also hung inside a stilling well for subsequent barometric correction of the water level sensor data. The data collected through WLS was verified by taking manual reading of ground water level (m) using a water level sensing tape. Capacitance/frequency domain probes (Model EC-5, Decagon Devices, Inc., Pullman, Wash.), installed at the center of each plot at five different depths (0.2, 0.4, 0.6, 0.8, and 1.0 m), were used to measure volumetric soil moisture contents (%) and soil temperature (°C) continuously throughout the growing season. The Cprobe provided real time soil moisture and soil temperature data with a logging interval of 15 minutes through the Weather Innovations Network (WIN) website. Soil water tension was tracked at five different depths (0.2, 0.4, 0.6, 0.8, and 1.0 m) by Watermark sensors (Spectrum Technologies, Inc. WatchDog 1000) installed in each plot.
Manitoba Ag Weather Network station (Spectrum Technologies, Inc. Weather Station, 2000 Series) located on site was used to collect precipitation (mm), temperature (°C), wind velocity (km/h), relative humidity (%) and solar radiation data on a daily basis. The reference crop evapotranspiration (ET 0 ) was calculated on a daily basis using the Penman Monteith equation (Allen et al. 1998 ). The actual evapotranspiration for different months were estimated by multiplying the reference evapotranspiration (ET 0 ) by the corresponding crop coefficient (K c ) obtained from Allen et al. (1998) based on crop developmental stages. The actual evapotranspiration was calculated by multiplying the reference evapotranspiration by the crop coefficient.
The allowable depletion for the irrigated plots was based on 25% of the available water (difference between field capacity and permanent wilting point) being lost as ET. This allowable depletion trigger point corresponded to a soil matrix tension of 25 kPa. The readings of C Probes and tensiometer from the deeper depths (0.8 and 1.0 m) were considered as criteria to confirm successful irrigation rates. Many potato researchers have used tensiometer readings to measure soil matric potential (SMP) and schedule irrigations (Epstein and Grant 1973; Lynch and Tai 1989; Kang et al. 2004 ). Wang et al. (2007) have compared five SMP treatments for potato crop and found that an SMP of -25 kPa was the most favorable criterion for potato production and water use efficiency during the various potato developmental stages, while -15 kPa was observed too wet and -45 kPa caused drastic water stress.
The depth of irrigation was based on % volumetric depletion integrated over the depth of the effective root zone (600 mm). Field capacity was determined from Cprobes by saturating the soil after the installation. Irrigation nozzles were manually turned on/off to ensure no irrigation outside of selected plot boundaries. Irrigation application rates were measured by in-field rain gauges. The irrigation rate was adjusted to replenish the daily ET demand of the potato crop. Soil samples were collected using a soil auger at 0.2, 0.4, and 0.6 m depths (effective potato root zone) at each growth and development stage and analyzed for nitrate-nitrogen concentrations (ppm) at each depth by the Cadmium reduction method. Agronomic practices Agronomic practices favorable for the production of higher marketable yield having the best tuber quality acceptable to the Manitoba French-fry processing industry were followed (Geisel 1994). Prior to planting, equal fertilizer rates, determined on the basis of soil test results, were applied to all the six plots by broadcast method and cultivated to incorporate fertilizer with a chisel plough. The rate of fertilizers applied for both treatments was 178 kg/ha of N in the form of polymer coated urea (PCU), 67 kg/ha of P in the form of MAP, 89 kg/ha of K in the form of KCl, and 22 kg/ha of S in the form of K 2 SO 4 . Nitrogen in the form of polymer-coated urea also called Environmentally Smart Nitrogen (ESN) urea is a controlled release nitrogen fertilizer source that has the nitrogen granule covered in a thin/semi-permeable polymer coating (Beres et al. 2012; McKenzie et al. 2007 ). The semi-permeable polymer coating allows water to enter into the granule and dissolve the nitrogen inside based on soil temperature and soil moisture (Agrium 2005) . This technique facilitates a slow release of nitrogen. About 80% of the nitrogen is released from PCU/ESN urea between 40 and 90 days after application (Agrium 2005) . Potato seeds were planted mechanically at a depth of approximately 5-10 cm with a 4-row planter on ridges spaced at 0.91 m (36 in.) and at a spacing of 0.36 m (14 in.) within the ridges on May 17th in 2013 and on May 13th in 2014. A power hiller was used to do the hilling/ridging to protect the stems of the potato crop from wind effects. The height of the ridges was maintained at 0.12 m. Berming was done around the plots following the hilling operation to prevent overland flow between plots and from outside the study area. Fungicides were applied on a weekly basis whereas herbicides and insecticides were applied based on the detection of pests. All the other agronomic practices were carried out in accordance with the potato production guidelines. Potatoes were flailed and harvested at physiological maturity using a single row potato harvester along three 20-m length strips per plot. The harvested potatoes were collected in burlap bags, separated by treatments, and weighed in the field to determine the total yield. Harvesting was done on September 26th in 2013 and September 25th in 2014. Statistical analyses were done using student t-test, ANOVA and JMP software (ver. 8, SAS Institute, Inc., Cary, N.C.). Post-harvest handling Potato tubers were stored at 7 0 C after harvest for about two months. Each set of samples was washed and weighed before analyzing quality parameters discussed later in this paper. Quality analyses included tuber size, tuber weight, fry color, sugar ends, dark ends, hollow heart incidence, specific gravity, rot detection, green coloration, and marketable yield. Fry color and sugar ends French-fry colour was determined for fry quality and sugar end analysis. A set of twenty-five tubers was picked from each replicated treatment, washed, cut into thin slices (1.4 ± 0.1 mm) with an electric slicer, and washed for 1 minute in distilled water to remove surface starch using a magnetic stirrer. The purpose of removing surface starch is to prevent potato slices from sticking to each other during the process of frying. After washing, the slices were dried by gently pressing with a paper towel. The potato slices were deep fried by completely immersing in vegetable oil in an electrical fryer set at 190.6 0 C (375 0 F). After frying, samples were placed on an absorbing tissue paper for 2 minutes and 30 seconds and allowed to cool to room temperature prior to the fry colour test. Tuber quality was analyzed for sugar ends on the basis of fry colour. The sugar ends were identified by the dark discolouration of potato fry ends. The colour appearance of each fry was visually assessed and scored using the USDA Munsell French-fry colour chart (Anonymous, 1988) . According to this chart, potato fries with a score of No. 0 to No. 2 are regarded as good quality tubers. If potato fry were scored No. 3 or 4 with dark ends, they would be having sugar ends. Fry colour varies from lighter (000) to darker (4) value. The lighter the fry colour the better the quality. Pritchard and Adam (1994) have simplified the chart ratings by converting 000, 00, 0, 1, 2, 3, and 4 to nonzero ratings i.e. 1, 2, 3, 4, 5, 6, and 7, respectively, where 1 corresponds to lightest fry colour. They also reported that a fry colour of 3.5 or lower on the 1-7 colour scale is the most desirable number for the processing industry in Manitoba. CANADIAN BIOSYSTEMS ENGINEERING 1.29
Specific gravity Specify gravity was determined by weight in air and weight in water method (Edgar 1951) . For this purpose, randomly selected twenty-five tubers from each replicate were washed and left overnight at room temperature to dry. Next day, tuber samples were weighed (weight in air), immersed in tap water, and then weighed again (weight in water). The weight of tubers in air was divided by the difference between the weight in air and weight in water to calculate the specific gravity. Hollow heart In order to determine the hollow heart (also called as brown center, or sugar center) incidence in tuber samples, 25 tubers was taken randomly from within each bag containing harvested potatoes from each replication. Tubers were sliced into 3 mm thick pieces and hollow heart incidence was assessed by visual judgment of cavities in the center of the tubers. The number of tubers with 5 mm or larger sized hollow heart was counted, weighed and the percent incidence was calculated in both treatments. Tuber size, weight and marketable yield A representative sample of twenty-five tubers was taken from each replication, washed thoroughly and weighed. These potatoes were graded into 5 sizes: extrasmall/undersized also known as culls (<3 oz/ < 85 g), small (3-6 oz/ 85-170 g), medium (6-10 oz/ 170-284.5 g), large (10-12 oz/ 284.5-340 g), and extra-large/oversized also known as jumbo (>12 oz/ > 340 g), and weighed each sized group. Culls (<3 oz/ < 85 g), jumbo (>12 oz/ > 340 g), and misshapen tubers (knobs) were excluded from the total yield to determine the marketable yield. Percent mean tuber weight of each sized group was calculated. Percent weights of small, medium, and large size tubers were added to calculate the percent marketable yield in each size category. Rot detection and green colouration Potato diseases, rot and green colouration, happen when potatoes are not stored at 7 0 C or they are exposed to light. A set of 25 tubers was taken from each replicate to visually detect the incidence of rot and green colouration. The weight of rotten tubers both by tuber rot or green discolouration was separately done for each incidence and calculated as a percent disease incidence per total sample weight.
RESULTS AND DISCUSSIONS
Weather conditions
The study site experienced a different rainfall pattern during the study years (2013 and 2014) as compared to the 30-year rainfall pattern in Southern Manitoba. The mean air temperature during the critical growth stages of potato was also different in the two years. The 2013 growing s The irrigated period spanned over the tuber initiation and tuber bulking stages in both years. Since the potatoes do not need as much water during the maturation stage (Rowe 1993) no supplemental irrigation was applied during this stage. However, during May, June, and September the potato crop was sustained by rainfall. In 2013, the average depth of water table remained at 1.69 and 1.77 m below the ground surface for both the irrigated and non-irrigated treatments, respectively. However, during the 2014 growing season at a different site, shallower average water table depths of 1.10 and 1.03 m were observed below the ground surface for irrigated and non-irrigated treatments, respectively.
Nitrate concentrations
The accumulation of nitrate within the potato root zone (0 to 0.6 m) was determined by analyzing soil samples collected at 0.2 m depth increments. The average nitrate concentrations within the effective root zone at different stages of growth was determined by averaging the nitrate contents of samples obtained at 0.2, 0.4, and 0.6 m depths.
The non-irrigated treatment shows a trend of higher nitrate content (ppm) compared to the irrigated treatment in both years ( fig. 2 and 3 ). In the 2013 growing season, the nitrate content was significantly higher in the non-irrigated treatment during the tuber bulking stage (p = 0.023) and the tuber maturation stage (p = 0.036). However, in the 2014 growing season, the nitrate content was significantly higher in the non-irrigated treatment (p = 0.006) during the tuber maturation stage only.
Nitrates, released from PCU/ESN urea, may have leached below the potato root zone with the water received through rainfall and irrigation in the irrigated treatment. However, in the non-irrigated treatment, rainfall alone may not have resulted in significant deep percolation leading to the accumulation of nitrates within the root zone. Groundwater analysis done prior to the study showed an average nitrate concentration of 55 ppm. A study conducted in the same area during the 2013 and 2014 growing seasons confirmed the upward migration of groundwater during the dry periods (Abbas and Sri Ranjan 2015) . The non-irrigated plots may have pulled the nitraterich water from the shallow water table through capillary rise to meet the crop water demand during the dry period. This upward migration of nitrates from the water table may have resulted in excessive accumulation of nitrates within the potato root zone. This hypothesis is in agreement with Patel et al. (2001) .
During the 2014 growing season, soil moisture and mean air temperature were adequate to facilitate the release of nitrogen from the slow released urea (PCU/ESN urea) during vegetative growth, tuber initiation, and tuber bulking stages in both treatments. However, similar concentration of nitrates at these stages in the non-irrigated treatment indicates that rate of release of the nitrates from the PCU/ESN urea was very slow compared to the irrigated treatment. Therefore, unutilized nitrate may have accumulated within the potato root zone in the nonirrigated treatment during these stages. The deficit soil moisture during the maturation stage limited the release of nitrogen from PCU/ESN urea in the non-irrigated treatment leading to the accumulation of higher concentrations of nitrates within the root zone compared to the irrigated plots during the maturation stage. The nonirrigated plots may also have pulled the nitrates-rich water from the shallow water table through capillary rise to meet the crop water demand during the dry period. It resulted in the increase of nitrate contents within the root zone.
The high accumulation of nitrate within the potato root zone in the non-irrigated treatment compared to the irrigated treatment may be attributed to three factors: (1) comparatively less favorable conditions for the release of nitrogen from PCU/ESN urea, (2) upward flux of groundwater due to dry conditions, and (3) comparatively lower percolation in the absence of recharge through irrigation. Potato needs higher concentration of nitrates An adequate concentration of nitrates was available to the plant roots to support the vegetative growth for both treatments. However, excessive soil N accumulation within the plant root zone in the non-irrigated (NI) treatments during the later stages of growth suppressed tuber bulking and decreased marketable yield. Although the upward movement of nitrates in the non-irrigated treatment resulted in comparable total yield, it had an adverse impact on the marketable yield. Similar results were also reported by Kang et al. (2001) who examined nutrient uptake and leaching under different fertilizer treatment for potatoes. Lower marketable potato yield and grade in response to deficit soil moisture were in agreement with results reported by Cappaert et al. (1992) , Hang and Miller (1986) , Martin and Miller (1983), Miller and Martin (1987b) , and Stark and McCann (1992) . In the 2014 growing season, marketable yield of the non-irrigated (NI) treatment (43.68 MT/ha) was higher than the irrigated (IR) treatment (38.99 MT/ha) but the difference was not statistically significant (Fig. 5) . Comparatively lower marketable yield in the irrigated treatment may be attributed to the contribution of shallow groundwater to the potato root zone. Supplemental irrigation improved the hydraulic conductivity of the soil within the root zone of the irrigated plots making it conducive for the upward migration of groundwater. The accumulation of high concentration of nitrates within the potato root zone from the groundwater may have led to the deterioration of quality of the tubers in the irrigated treatment. On the contrary, the dry conditions in the nonirrigated plots may have led to the creation of a capillary barrier with lower hydraulic conductivity limiting the upward water flux from the water table and the consequent lower influx of nitrates from the groundwater. Figure 6 shows the variation in water table depth from the ground surface as an average for the three replicates in relation to the recharge events (rainfall and overhead irrigation) in 2014. A 30-day dry period from August 25 to September 25 (mid bulking to maturation stage) with only 30.9 mm rainfall resulted in the upward movement of groundwater in the irrigated plots leading to a lowering of the water table. A decline in groundwater level in the irrigated plots starting from the mid-tuber bulking stage, confirms the contribution from the groundwater. The dry conditions and a higher hydraulic conductivity in the irrigated plots at this stage supported the upward flux of groundwater. Excessive nitrate concentrations during the tuber bulking and maturation stages led to the early maturity of tubers. As a result, tubers of class 9-12 oz size (acceptable size) are significantly lower (p = 0.03) in the irrigated treatment. Tubers of class >12 oz size (unacceptable size) was comparatively higher in the irrigated treatment but the difference was not statistically significant. Potato fry colour and sugar ends Fry quality and sugar ends were determined by fry colour analysis. Figure 7 shows the distribution of potato fry colour as determined using the USDA Munsell French-fry colour chart. Potato fries with scores No. 0-2 had light brown fry color with no dark end discolouration. However, potato fries with scores No. 3 and 4 had brown colour with dark ends. When glucose concentration exceeds the threshold of 1.6 mg/g, the fry colour in Russet Burbank potato is considered to be in the unacceptable range (3 or 4) (Pitchard and Adam 1994) . Dark discolouration of fry ends occurs due to the accumulation of sugar at the long end of the tubers. Although statistically not significant, the irrigated treatment had a higher percent of tubers in the acceptable range (0-2 Munsell colour). In the 2013 growing season, potatoes with dark ends were found to be higher in the non-irrigated treatment (46.7%) compared to irrigated treatment (40.4%). However, this difference was not statistically significant. In the 2014 growing season, although a higher percent of tubers with scores No. 0 and 3 were found in the non-irrigated treatment, while a higher percent of tubers with score No. 2 were found in he irrigated treatment, the difference was not statistically significant. Extreme water stress conditions at critical growth stages influence the tuber yield, size, and external and internal quality. Water stress during the tuber bulking stage causes dark stem-end fry colour (Eldredge et al. 1996) . Shock et al. (1992) reported that a moderate moisture stress before the tuber initiation stage improved the tuber fry colour. A comparatively high percentage of unacceptable fry colour score in the non-irrigated treatment during the 2013 growing season may be attributed to the water stress conditions at tuber bulking stage. In the 2014 growing season, a moderate water stress before the tuber initiation stage having a number of days with > 20 o C and only 24 mm rainfall led to the improved fry colour in both treatments.
Specific gravity
In the 2013 growing season, the specific gravity of tubers from the irrigated treatment (1.081) was higher than that from the non-irrigated treatment (1.079). A slightly lower specific gravity was found in the irrigated treatment (1.085) than the non-irrigated treatment (1.087) during the 2014 growing season. However, the difference in specific gravity was not statistically significant in both years. It shows that the deficit soil moisture and higher N concentration did not have a significant impact on the specific gravity of tubers. These results are in agreement with earlier reports (Lynch et al., 1995; Shock et al. 1992 , 1993 , Ojala et al. 1990 ). Miller and Martin (1987b reported a reduction in specific gravity of Russet Burbank cultivar by deficit irrigation at 80 % of ET on sandy soil. Likewise Stark and McCann (1992) reported the same results in a silt loam soil. In contrast, some researchers observed an increase in specific gravity in Russet Burbank cultivar under deficit irrigation in sandy soil (Eldredge et al. 1996; Stark and McCann 1992; Hang and Miller 1986) . The water content of potatoes decreases with an increase in specific gravity. Therefore higher specific gravity of tubers from the irrigated plots is an indicator of improved tuber quality for frying and better flavour.
Hollow heart
In both years, hollow heart symptoms (HHS) were not found in any of the treatments in undersized and small tubers. Although, HHS were relatively higher in the nonirrigated treatment in the medium, large and oversized tubers as compared to the irrigated treatment the differences were not statistically significant. The oversized tubers were more affected compared to medium-and large-sized tubers. Accumulation of excess nitrates within the potato root zone during tuber initiation and tuber bulking stages led to the early maturity of tubers and also increase in tuber size. Since the incidence of hollow heart was higher in oversized tubers, the size of the tubers was found to be an important determinant. The higher incidence of hollow heart in the deficit irrigation treatment in this study is similar to the results reported by Yang et al. (2001) . Potatoes with hollow heart are not acceptable to the processing industry and do not have market value. Based on the relatively higher incidence of hollow heart in response to the non-irrigated treatment, the deficit irrigation for potato crop is not recommended. Many researchers have adopted several ways to avoid or decrease hollow heart incidence. Yang et al. (2001) attempted cultural practices to decrease the tuber size by planting potato at a higher density and inducing higher competition among plants.
Green colouration
If the potatoes are stored at room temperature, and/or exposed to natural, artificial, or fluorescent lights, the colour of potato skin and upper layers start to turn green. If this condition is prolonged, green colour penetrates deep into the potato tuber and makes it taste bitter (Idaho Potatoes 2014). As potatoes were stored in a dark place at the recommended temperature (7 °C), no incidence of green colouration was found in the potato samples. CONCLUSION This study compared the effects of two different water management treatments on marketable yield and quality of potato tubers under Manitoba conditions during two consecutive years. The rainfall pattern and mean air temperature during the different growth stages of potato was different in the two years. The 2013 growing season was comparatively wet and warm, while the 2014 growing season was comparatively drier and cooler. Deficit soil moisture and excessive nitrate accumulation within the potato root zone of the non-irrigated treatment resulted in significant reduction in marketable yield in 2013. Despite the total yield for irrigated (IR) treatment being 2.4 % higher than non-irrigated treatment (NI), it was not statistically significantly different. However, the marketable yield for the irrigated treatment was significantly higher by 20 % compared to the non-irrigated treatment. No significant difference was found either in total or marketable yield in 2014.
In 2013, the high temperature with low rainfall from tuber initiation to maturity led to moisture stress conditions and affected marketable yield of the nonirrigated treatment. Increased evapotranspiration due to high temperatures and the absence of rainfall led to the upward flux of nitrates with the groundwater, and the slow rate of release of nitrogen from PCU/ESN urea in the nonirrigated plots. In 2014, deficit soil moisture within the root zone of the non-irrigated treatment led to slow rate of release of nitrogen from PCU/ESN urea leading to the accumulation of the unutilized nitrates within the root zone. Supplemental irrigation improved the hydraulic conductivity of the soil within the root zone of the irrigated plots making it conducive for the upward migration of groundwater. The migration and accumulation of a high concentration of nitrates within the potato root zone from the groundwater may have led to the deterioration of quality of the tubers in the irrigated treatment. As a result, both treatments suffered from nitrate stress and no significant difference was found in the marketable yield of both treatments.
